Mutations in gene 49 of bacteriophage T4 were suppressed by a second mutation in gene X. Mapping studies located gene X between genes 41 and 42. Complementation results indicated that mutations in FdsA gene (a suppressor of gene 49 mutants) were in gene X. The intracellular pseudorevertant DNA was examined for unusual properties which could explain its successful encapsidation. After the in vivo inactivation of a temperature-sensitive gene 32 (DNA unwinding) protein, the intracellular pseudorevertant DNA was converted into DNA pieces of approximately genome size. A similar conversion was observed after in vitro digestion of pseudorevertant DNA with single-strand-specific S1 endonuclease. Appreciable quantities of oligomeric intermediates were not produced during this conversion process. These data indicate that pseudorevertant DNA contains sizable single-stranded gaps and has a conformation similar to that of wild-type DNA. The results further suggest that the suppression of gene 49 mutant abnormal DNA phenotype and the encapsidation defect by a second mutation in gene X is associated with the formation of sizable single-stranded gaps. These studies raise the possibility that single-stranded gaps may be involved directly in the DNA encapsidation process, or may act indirectly as a consequence of their effect on the organization of intracellular DNA.
Analyses of the structure of intracellular bacteriophage T4 DNA have revealed the presence of single-stranded gaps in the replicating DNA. In vivo, these gaps are protected against nucleolytic degradation by gene 32-DNA unwinding protein (4) . Although the mechanism of gap formation is not yet clearly understood, gaps appear to play some role in the organization of intracellular DNA.
Interesting observations which may point to the importance of these gaps in head maturation and DNA conformation come from studies of gene 49 mutants. Infections with these mutants result in an unusual form of replicative DNA with sedimentation values considerably higher than that of the wild type (10, 14, 16) . This DNA is insensitive to S1 nuclease, suggesting the absence of sizable single-stranded gaps (4, 16) . Mutations in gene 49 also lead to an accumulation of empty and partially filled heads (14, 17, 19, 20) . This phenotype has led to the notion that gene 49 protein may be essential for some late step in the packaging of DNA into phage heads. Because gene 49 appears to control a DNA endonuclease activity (10) , its possible role in cutting excess unencapsulated DNA after DNA packaging has been suggested (4) . The relationships between endonuclease and abnormal DNA phenotype, and of the abnormal DNA phenotype to DNA packaging are however not clear.
Recently, two suppressor loci, called FdsA and FdsB, have been identified which partially restore the 49-defective phenotypes (5, 6) . Gene 49 mutants containing a second mutation at either of these loci produce viable phage, and the intracellular pseudorevertant DNA exhibits sedimentation properties similar to those of wild-type intracellular DNA. The gene 49-associated nuclease activity, however, is not observed in extracts of cells infected with the pseudorevertant phage (6) . These findings suggest that the DNA packaging defect observed in gene 49 mutant infection may reflect altered conformation of its DNA. To explore this possibility and to understand further the basis of its pleiotropic effects we have studied the structure of the pseudorevertant DNA. The results presented in this report show that FdsA mutations are in a previously defined T4 gene, X (13) .
gene 49 abnormal DNA phenotype by a second mutation in gene X is associated with the formation of single-stranded gaps. The data indicate that single-stranded gaps in intracellular DNA may be involved directly in the encapsidation process, or may act indirectly as a consequence of their effect on the organization of intracellular DNA.
MATERIALS AND METHODS
Bacteria and bacteriophages. Escherichia coli B was used for growing non-amber mutant phage strains and as the host strain in all experiments. Amber mutant strains were grown and titrated on E. coli B40 SuL.
Bacteriophage T4D and amber (am) mutants amB17 (gene 23), amN81 (gene 41), amE4335 (gene 43), amE10 (gene 45), and amBL292 (gene 55) were obtained from H. Berger. The mutant amN55x5 (gene 42) was from the collection of J. Wiberg. The mutant amE727X1 (gene 49-free of the wac amber mutation) and a temperature-sensitive (ts) mutant tsC9 (gene 49) were from F. R. Frankel. The (ts) mutants tsP7 (gene 32), tsA14 (gene 41), and tsP36 (gene 43) were obtained from G. Mosig. The UV-sensitive mutant X, isolated by Harm (13) , has been purified to single small plaque morphology type by Hamlett and Berger (12) , and is designated Xm. It exhibits properties similar to "pure X" (px) of Drake (8) . This Xm mutant and FdsA2 were obtained via R. P. Cunningham. In the text, an abbreviated notation is used, in which the mutant gene number or symbol is identified, and where appropriate it is preceded by the notation am or ts. Phage strains containing several am or ts mutations were constructed by standard techniques. Multiple mutant stocks containing am49 and X mutations were constructed by the procedure of Dewey and Frankel (5) .
Preparation of labeled infected cell lysates. An overnight peptone broth culture was diluted 1:50 into the M9 medium of Adams (1) (22) and 5 to 30% neutral sucrose gradients (4) have been described previously.
Other methods. The procedures for the preparation of 32P-labeled phage, sample application, fraction collection, and radioactive measurements were as described by Shah and Berger (22) . The media and the procedures for phage infection in genetic experiments were as described by Shah (21) .
RESULTS
Suppression of gene 49 by a second mutation in gene X. Studies on T4 molecular recombination have demonstrated that interparental or parent-to-progeny recombination is dependent upon introduction of nicks into DNA by T4-specified endonucleases (3, 18) . The genes controlling these nucleases have not been identified. Mutations in genes W, X and Y are deficient in recombination and repair (2, 12 Mapping of gene X. The mapping technique used was identical to that employed for FdsA (5) . Triple mutants of amA-am49-X were crossed with amB-am49-X (amA and amB are mutations in neighboring genes). The only progeny expected to grow on suppressor-minus bacteria from these crosses are am49-X recombinants. The results ( Fig. 1 The relative burst size of am49-X is approximately 200-fold higher than am49 alone and 1.5-fold higher than X mutant alone. The higher burst size of the am49-X double mutant over that of the X mutant alone may be due to a partial suppression of the DNA-arrest phenotype of X by the mutation in gene 49 Fig. 2 show the DNA-arrest phenotypes of FdsA and X mutants and confirm the absence of complementation between these two mutants. These results are consistent with the possibility that FdsA and X mutations are in the same gene. Additional data in Fig. 2 show that am49-infected cells stop incorporating the label at 35 min after infection. Since previous studies (5) have shown a drastic reduction in the rate of DNA synthesis in FdsA and am49-infected cells at similar times, the DNA-arrest phenotypes of these three mutants reflect cessation of DNA synthesis rather than turnover. The continuous incorporation of the label throughout the latent period in am49-X-infected cells therefore reflects a partial reversal of the DNA-arrest of X mutant by a second mutation in gene 49. Insertion of a mutation in a major capsid protein (am23) did not significantly alter the kinetics of DNA synthesis of am49-X or X. However, insertion of a gene 55 mutation (which prevents the synthesis of late phage proteins) in the above phage strains restored DNA syn- a E. coli B at 2 x 108 cells/ml were infected at 30'C with a total multiplicity of 10. The yield was measured after lysis with chloroform at 100 min after infection.
b Burst size = number of progeny/number of infected bacteria (average of two experiments).
thesis to levels similar to am55 infection. These data are in agreement with previous observations on the FdsA mutation (5) and show that the reduced rate of DNA synthesis in am49-X infection is not related to DNA encapsidation. Since am23-am49-X DNA isolated late in infection has sedimentation characteristics similar to those of wild-type DNA (see below), its inability to fully sustain DNA synthesis in the presence of late phage functions suggests that the structure of intracellular am49-X DNA is altered, and the normal functions of both genes 49 and X are essential for the modulation of the DNA structure.
Effect of thermal inactivation of replication proteins on the structure of intracellular DNA. The Fig. 3A . After inactivation of either ts4l protein (Fig. 3C) or ts43 protein (Fig.  3D) , the intracellular DNA remained as rapidly sedimenting as the unshifted controls. However, upon inactivation of ts32 protein, the 1,200S DNA was converted into slowly sedimenting fraction (compare Fig. 3A and 3B) . The intracellular DNA of am23-am49 carrying an additional ts mutation in any one of the three replication genes, but wild type for gene X, was also analyzed. The DNA synthesized at permissive temperature in these three infections showed an unusually rapid sedimentation rate. A representative profile of ts32-am23-am49 DNA is shown in Fig. 3E . After the thermal inactivation of any of the replication gene proteins, the intracellular DNA was observed to maintain its rapid sedimentation rate. A representative profile of ts32-am23-am49 DNA is shown in Fig. 3F . To examine whether the startling drop in sedimentation rate of ts32-am23-am49-X DNA after gene 32 inactivation represents some random degradative processes, the following experiments were done. The intracellular DNA was labeled 15 ,000 rpm in a Beckman SW50.1 rotor. ts32-am23-am49-X DNA before (A) and after upshift (B). ts41-am23-am49-X DNA (C) and ts43-am23-am49-X DNA (D) after upshift. ts32-am23-am49 DNA before (E) and after upshift (F). Symbols: 0, 'H-labeled intracellular DNA; 0, 32P-labeled mature T4phage (1,(XXS).
at permissive temperatures for 10 min as described above. Gene 32 protein was inactivated and the pulse was terminated by dilution of the culture into medium containing excess cold thymidine at 420C. The recovery of nearly 90% of the label as trichloroacetic acid-insoluble material after 10 min of incubation at 420C indicated the absence of extensive degradation of intracellular DNA into acid-soluble material. The sedimentation properties of the slowly sedimenting DNA were examined further. As shown in Fig.  4A , the major fraction of this DNA sedimented with T4 marker DNA (63S) in neutral sucrose gradients, the peak fraction sedimenting slightly faster, at 71S. This sedimentation profile was similar to that of DNA extracted from ts32-am23 infection (Fig. 4B ) processed in the same manner. In an independent experiment the sedimentation properties of alkali-denatured ts32-am49-X DNA extracted before and after gene 32 protein inactivation were examined. DNA extracted before gene 32 inactivation (Fig. 5A) shows the presence of long DNA single strands. After inactivation of gene 32 protein the percentage of total label in strands longer than unit length was reduced (Fig. SB) . However, the sedimentation profiles indicate the absence of extensive endonucleolytic cleavage of DNA. The results described above suggest that, in the background of an amber mutation in gene 49, a mutation in gene X may lead to the formation of singlestranded gaps. As shown for wild-type intracellular DNA (4), these gaps are presumably protected in vivo by gene 32 protein.
Effect of SI nuclease. Single-strand-specific S1 nuclease was used to test for the presence of single-stranded gaps in intracellular DNA. The intracellular DNA in ts32-am23, ts32-am23-am49, and ts32-am23-am49-X mutant-infected cells was labeled with ['Hithymidine at 260C for 10 min, starting at 15 min after infection. After a 5-min chase with unlabeled thymidine at 260C, the cells were lysed by the SDS lysis procedure (4). Gene 32 protein dissociates from DNA under these conditions (4) . The crude SDS lysates were treated with 0 and 20 U of S1 nuclease per ml for 5 min at 250C. When the intracellular DNAs from mock incubations (without S1 nuclease) were sedimented through neutral sucrose gradients to allow for the examination of 1,OOOS to 2,500S DNA, sedimentation profiles similar to those observed in Sarkosyl lysates (Fig. 3) were also sedimented through neutral sucrose gradients to allow for the examination of 50 to 150S DNA. In all of the mock incubations, 85 to 94% of the total label was found to sediment at lOS or above (Fig. 6 ). After S1 nuclease treatment, over 90% of the ts32-am23 (Fig. 6A ) and ts32-am23-am49-X (Fig. 6B) concatemer was converted into simple DNA pieces which sedimented near the T4 marker DNA. In contrast, ts32-am23-am49 DNA remained rapidly sedimenting after S1 nuclease treatment (Fig.  6C) . The comparative alkaline sucrose gradient sedimentation profiles of denatured DNA, before and after S1 nuclease treatment, are shown in Fig. 7 . Approximately equal percentages of the total label in DNA from mock incubations were observed to sediment at 73S or above, indicating the presence of equal amounts of long DNA single strands in concatemeric DNA in all three infections. After S1 nuclease treatment, although the average strand length was reduced, it was still equal to or slightly longer than unit length, and the results indicate the absence of general endonucleolytic cleavage of DNA by S1
nuclease. The in vitro conversion of concatemeric am49-X DNA into simple DNA pieces by S1 nuclease and the properties of these simple DNA pieces described in this section parallel the results obtained after the in vivo inactivation of gene 32 protein. These two lines of evidence suggest the presence of sizable single-stranded gaps in am49-X DNA. The comparative studies further show that the spacing of these gaps in am49-X DNA is similar to that of wild-type DNA. By the two criteria used above, it appears that am49 DNA is missing sizable singlestranded gaps. Alternate possibilities that am49 DNA is so tightly complexed that singlestranded gaps may not be accessible to S1 nuclease, or their cleavage is of no consequence in terms of its sedimentation rate, have been suggested (14) and are not excluded.
Kinetics of S1 nuclease reaction. The unusual resistance of am49 DNA to shear forces has led to the suggestion that it may have uncleaved recombinational bridges between DNA strands, thus leading to a highly compact, fastsedimenting structure (14, 16) . It is possible that near normal sedimentation properties of am49-X DNA may be due to the formation of sizable single-stranded gaps in this randomly recombining network of DNA. Recent studies (4), however, suggest that wild-type intracellular DNA is organized as a long DNA molecule (rather DNA in fast-(110S and above), intermediate-(80 to 110S), and slow-sedimenting fractions (80S and lower) was calculated. Figure 8 shows a plot of the distribution of these three classes of DNA against S1 nuclease concentration. In the mock incubation, the distribution of DNA was 82% (fast), 4% (intermediate), and 14% (slow). After treatment with low levels of S1 nuclease, the increase of label in the slow-sedimenting fraction was proportional to the concomitant decrease in the fast-sedimenting fraction. Significant production of intermediate DNA was not observed.
To explore the possibility that an intermediate class of DNA with sedimentation values between 150S and 1,OOOS is formed during this in vitro degradation, but is not resolved in the above analyses, the same samples were also sedimented to allow for the examination of 100S to 1,OOOS DNA. At the lowest enzyme concentrations, the formation of slow-sedimenting DNA was accompanied by a decrease in the sedimentation rate of the concatemer, and accumulation of label in a distinct intermediate class was not observed. These data suggest that the slow-sedimenting DNA is produced directly from the fast-sedimenting concatemer.
Formation of gaps in am49-X DNA in the absence of late phage functions. The in vivo conversion of am49-X concatemer into simple DNA pieces after the inactivation of gene 32 protein presumably reflects an endonuclease cutting at the exposed single-stranded gaps. To investigate whether this endonuclease is an early or late phage function, an amber mutation in gene 55 was inserted into phage stocks to abort the synthesis of late phage proteins. The neutral sucrose gradient sedimentation profiles of 3H-labeled intracellular ts32-am49-am55-X DNA synthesized at the permissive temperature (Fig.  9A ) and after the temperature upshift (Fig. 9B) show the conversion of concatemeric DNA into simple DNA pieces after the inactivation of gene 32 protein. Similar results were obtained with ts32-am55-X DNA. In both cases, the presence of single-stranded gaps in DNA was confirmed by the in vitro S1 nuclease reaction. In control infections with ts32-am49-am55 or ts32-am55 mutant phage, which are wild type for gene X, the major fraction of the intracellular DNA synthesized at permissive temperature was observed to sediment as a broad peak (1, 0, 3H-labeled intracellular DNA; 0, 'P-labeled T4 phage (1,000S).
DNA was not converted into simple DNA pieces. The above results indicate that the endonuclease that attacks exposed single-stranded gaps in T4 DNA either is coded by an early T4 function or could possibly be of bacterial origin.
DISCUSSION
The results described in the first part of this paper show that the lethality associated with a mutation in gene 49 is suppressed by a second mutation in gene X. This property of X mutation was utilized for mapping, and the data located gene X between genes 41 and 42. The absence of functional complementation between X mutant and the recently described FdsA suppressor of gene 49 and their similar UV sensitivity and map location establish their identity.
The results described in the second part of the paper represent an effort to understand the mechanism of this suppression. Our studies show that the intracellular pseudorevertant DNA contains sizable single-stranded gaps. It appears that the partial reversal of gene 49-associated abnormal DNA phenotype and the "DNA-packaging" defect by second mutation in gene X is due to the formation of these gaps in am49-X DNA. In the following discussion we consider the mechanism of suppression in terms of postulated functions for gene X and 49 products.
Previous studies (4, 10, 14, 16) indicate that gene 49 product functions in some aspect of DNA metabolism that ultimately affects the organization of intracellular DNA. As shown before (4) and confirmed in our studies, gene 49 replicating DNA is not converted into simple DNA pieces either after in vivo inactivation of gene 32 protein or by S1 nuclease treatment. To explain theseobservations Curtis and Alberts (4) have suggested that gene 49 DNA is missing sizable single-stranded gaps. If indeed so, the formation of such gaps in am49-X DNA is in concert with the postulated function for gene X product. Genetic and radiobiological data (8) indicate that gene X function is essential in a general error-prone replication-repair process. Since gene X mutations also affect genetic recombination, the replication-repair process appears to be involved in the repair of recombinational intermediates. Our observations that single-stranded gaps are present in am55-X DNA, but not in am55 DNA, suggest that gaps in replicating DNA originate in the absence of late phage functions. They are, however, not repaired when X protein is inactive. (22) . The coupling of am49 with am46 reduces the extent of this degradation (15) . Although gene X replicating DNA has not been examined in detail, the partial suppression of DNA arrest of gene X mutant by am49 may result from the inactivation of the putative endonuclease (10) .
Regardless of the mode of gene 49 action, the mere level of single strandedness between wild type and am49 DNA cannot account for their differences in sedimentation rates. It is more likely that the higher sedimentation rate of am49 DNA is due to secondary changes which involve single-stranded gaps and these changes result from gene 49 inaction. Studies on the structure of intracellular am49 DNA suggest that its very rapid sedimentation rate may reflect a very compact structure. This structure is presumed to be generated by stable recombinational linkages between DNA molecules (16). It is not unreasonable to assume that, in the absence of the postulated "inhibitor of gap repair type of function" for gene 49 protein, branched recombinational intermediates containing single-stranded regions are repaired prematurely, thus leading to a randomly recombining network of DNA. Alternately, the putative endonuclease activity may be responsible for clearing the intermolecular links between DNA molecules. Therefore the peculiar structural properties of am49 intracellular DNA can be explained by either of the postulated activities for gene 49 protein. It is possible that, by inactivating gene X function, the single-stranded gaps are maintained during the latent period and the secondary changes are prevented. If the primary effect of X mutations is to maintain single-stranded gaps in randomly recombining am49 DNA, we would expect accumulation of oligomeric intermediates after S1 nuclease treatment. This was not observed with pseudorevertant DNA. Instead, the simple DNA pieces produced either by S1 nuclease treatment or after the in vivo inactivation of gene 32 protein exhibit sedimentation properties similar to those of wild-type DNA. Although we have not examined these simple DNA pieces in the electron microscope, the successful encapsidation of pseudorevertant DNA into viable phage suggests that they are unbranched double-stranded structures.
A second interesting phenotypic effect of mutation in gene 49 is the intracellular accumulation of partially filled heads (14, 17, 19, 20) . This observation has led to the notion that gene 49 protein may be essential for some late step in the packaging of DNA into phage heads. Gene 49 protein does not appear to be a structural component of the phage particle since viable phages are produced after infection of suppressor-minus host with pseudorevertant phage (am49-X) which carry a nonsense mutation in gene 49. Because gene 49 appears to control a DNA endonuclease activity (10), its possible role in cutting excess unencapsulated DNA after DNA packaging has been suggested (4, 10). The successful encapsidation of pseudorevertant DNA and the absence of gene 49-associated endonuclease activity in these infected cell extracts suggest that the primary function of this endonuclease may not be in cutting excess unencapsulated DNA. Although an alternate possibility that pseudorevertant phage opens a new pathway of DNA cleavage cannot be ruled out, the results favor the idea that the primary function of this nuclease is in DNA metabolism that affects its conformation. It seems likely that single-stranded gaps may be involved directly in DNA packaging or may act indirectly as a consequence of their effect on the organization of intracellular DNA.
